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Sperm capacitationCofactor for acrosome reaction-inducing substance (Co-ARIS) is a steroidal saponin from the starﬁsh Asterias
amurensis. Saponins exist in many plants and few animals as self-defensive chemicals, but Co-ARIS has been
identiﬁed as a cofactor for inducing the acrosome reaction (AR). In A. amurensis, the AR is induced by the
cooperative action of egg coat components (ARIS, Co-ARIS, and asterosap); however, themechanism of action of
Co-ARIS is obscure. In this study we elucidated the membrane dynamics involved in the action of Co-ARIS. We
found that cholesterol speciﬁcally inhibited the Co-ARIS activity for AR induction and detected the binding of
labeled compounds with sperm using radioisotope-labeled Co-ARIS. Co-ARIS treatment did not reduce the
content of sperm sterols, however, the condition was changed and localization of GM1 ganglioside on
theperiacrosomal region disappeared.We thendevelopeda caveola-breakingassay, a novelmethod todetect the
effect of chemicals on microdomains of culture cell, and conﬁrmed the disturbance of somatic cell caveolae in
the presence of Co-ARIS. Finally, by atomic force microscopy observations and surface plasmon resonance
measurements using an artiﬁcial membrane, we revealed that Co-ARIS colocalized with GM1 clusters on the
microdomains. Through this study, we revealed a capacitation-like event for AR in starﬁsh sperm.umoto).
ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
The acrosome reaction (AR) is an essential process in fertilization
and is a widely conserved phenomenon in many animals, including
humans (Yanagimachi, 1989). Sperm cells undergo exocytosis of the
acrosomal vesicle in their head, followedbymorphological changes, and
pass through the egg coat by chemical and physical processes. Starﬁsh
sperm undergo the AR upon encountering the egg jelly (EJ) of
homologous eggs; these reacted sperm form an acrosomal process to
penetrate through the EJ (Dan, 1960). In Asterias amurensis, the AR is
induced by the cooperative action of three components in the EJ: a
sulfated proteoglycan-like molecule, termed acrosome reaction-
inducing substance (ARIS); a sulfated steroidal saponin, termed cofactor
for ARIS (Co-ARIS); and a sperm activating peptide, asterosap
(Nishiyama et al., 1987b; Hoshi et al., 1990; Hoshi et al., 1994). In
natural seawater, ARIS can induce the AR in the presence of Co-ARIS or
asterosap, indicating that ARIS is the main factor for AR induction and
the other two are cofactors (Matsui et al., 1986). Asterosap binds to its
receptor on the sperm ﬂagella and elevates the [pH]i and [Ca2+]i of the
sperm tail (Nishigaki et al., 2000; Matsumoto et al., 2008). ARIS also
slightly elevates the [Ca2+]i of the sperm (Matsumoto et al., 2008).Ultrastructural analysis of the ARIS receptor has shown that it is
localized to the periacrosomal region in the sperm head (Ushiyama
et al., 1993; Longo et al., 1995). The threemajor Co-ARISdomainsare Co-
ARIS I, II, and III (Fujimoto et al., 1987), whose structures revealed that
their steroidal side chain portion is more important for their function
than the sugar portion (Nishiyama et al., 1987a,b). The structure of Co-
ARIS indicates that itwould be amphiphilic and raise the permeability of
the sperm membrane in combination with sterols.
Saponins are a group of natural products mostly derived from
plants. They exert strong physiological effects and have long been
used as herbal medicines (Ohtsuki, 1984). Certain animals, including
echinoderms and sponges, can also produce saponins, most of which
have a defensive role against infectious agents (Nishiyama et al.,
1987b; Kubanek et al., 2002; van Dyck et al., 2009). Saponins can be
classiﬁed as triterpene saponins or steroidal saponins. Triterpene
saponins form a complex with cholesterol in the plasma membrane;
this complex destroys the structural integrity of the cell membrane
and increases its permeability (Ohtsuki, 1984). However, little is
known regarding the function of steroidal saponins.
Mammalian sperm do not possess the ability to undergo the AR
immediately upon ejaculation but acquire this ability after incubation
for several hours in the female reproductive tract; this change is called
capacitation (Chang, 1951). During capacitation, there is a loss of
cholesterol from sperm, causing an alteration in the distribution of
membrane components (Cross, 2003). Sterols contribute to the
148 M. Naruse et al. / Developmental Biology 347 (2010) 147–153formation of membranemicrodomains, which are sterol-rich regions of
the plasma membrane. Membrane microdomains have an important
role in several biological processes such as endocytosis, intracellular
trafﬁcking, lipid and protein sorting and organization, and several signal
transduction pathways (Simons and Ikonen, 1997). Proteins related to
the AR or sperm–egg fusion are reported to localize in membrane
microdomains (Trevino et al., 2001; Sleight et al., 2005; Tanphaichitr
et al., 2007; Young et al., 2009; Baker et al., 2010).
As the mechanism of action of Co-ARIS is still obscure, in this study,
we focused on the change in the sterol condition of the sperm plasma
membrane to elucidate the mechanism of action of Co-ARIS for AR
induction.Wealso analyzedhowCo-ARIS affects the plasmamembrane,
especially the membrane microdomains.
Material and methods
Materials
A. amurensis samples were collected from Otsuchi Bay and Tokyo
Bay in Japan, and Sandy Bay in Australia. Their fresh dry sperm were
collected as previously described (Hoshi et al., 1990). EJ and ARISwere
also prepared by using a previously reported method (Hoshi et al.,
1990). Sperm membrane sterols were extracted by the acetone–
DMSO method, and the sterol content was measured by a color
reaction with an acetic anhydride–sulfuric acid (19:1) solution.
Radioisotope labeling of Co-ARIS
Co-ARIS was isolated from EJ as previously reported (Nishiyama
et al., 1987b).We used puriﬁed Co-ARIS II for radioisotope-labeling and
a Co-ARIS mixture for the other experiments. One milligram of Co-ARIS
II was dissolved in 4 ml of 0.75% (w/v) [3H]NaBH (American
Radiolabeled Chemicals, Inc. St. Louis, MO, USA) solution and incubated
for 5 h at room temperature. [3H]Co-ARIS II was puriﬁed with an
octadecyl silane (ODS) column (LC-SORB-ODS; Chemco Scientiﬁc Co.
Ltd. Osaka, Japan), by washing with water and then eluting with a
mixture of methanol–water (8:2). Sperm were incubated in 40 μg/ml
[3H]Co-ARIS II with or without cholesterol for 5 min and washed twice
with artiﬁcial sea water (ASW). Tritium signals were detected with the
Tri-Carb 2910TR liquid scintillation analyzer (PerkinElmer Waltham,
MA, USA) and calculated with QuantaSmart software (PerkinElmer).
Microscopic observation
The AR assay was performed as previously described (Matsui et al.,
1986). For visualization of themicrodomains, spermwere ﬁxedwith 1%
glutaraldehyde, incubated in 50 μg/ml FITC conjugated cholera toxin
(FITC-CTx) or 50 μg/ml ﬁlipin solution for 30 min, and then washed
twicewithASW.ARISﬂuosphereswereprepared andused aspreviously
described (Ushiyama et al., 1993). Spectroﬂuorophotometer RF-540
(Shimadzu Corp. Tokyo, Japan) was used for measuring the
ﬂuorescence.
Caveola-breaking assay
N/C-Luc-Cav1 cells were prepared as follows (Matsumura et. al., in
preparation). Chinese hamster ovary CHO-K1 cells were transfected
stably with pN-luc-CAV1, which encoded the N-terminal half of
luciferase conjugated with intact caveolin, and pC-luc-CAV1-Hygr,
which encoded the C-terminal half of luciferase with intact caveolin.
The transfected cells, N/C-Luc-Cav1, were subjected to the caveola-
breaking assay. The cells were incubated with various agents (e.g.,
methyl-β-cyclodextrin (MβCD) or Co-ARIS) for 2 h in a 96-well
microtiter plate. Their luciferase activity was measured with the Bright
Glo luciferase assay system (Promega Corp. Madison,WI, USA), and thecell viability was simultaneously inspected with the CellTiter-Glo
luminescent cell viability assay (Promega Corp.).
Model membrane, atomic force microscopy observation, and CTx-binding
assay
Lipid bilayers were prepared as reported by Yuan et al. with minor
revisions (Iijima et al., 2009; Yuan et al., 2002). Monolayers of POPC/
cholesterol/sphingomyelin/GM1 (10:7:2:1, molar ratio) with a certain
amount of Co-ARIS were transferred onto the POPC-coated mica by
horizontal deposition at a surface pressure of 30 mN/m. Atomic force
microscopy(AFM)measurementswere carriedoutwith SPA-300 (Seiko
Instruments, Inc. Chiba, Japan) in Milli-Q water at 25 °C. An FS20A
scanner (scan area of 20 μm) and a cantilever (200-μm-long soft
cantilevers with integrated pyramidal silicon nitride tips, spring
constant of 0.02 N/m; SN-AF01, Olympus Optical Co. Ltd. Tokyo,
Japan) were used for all the measurements. The typical scan rate was
1 Hz. All images were visualized by using the scanning probe image
processor SPIwin (SPI3800, version 2.34E; Seiko Instruments, Inc.), and
the curvature radius of the tip (20 nm) was subtracted by using Image
SXM (developed by Steve Barrett, University of Liverpool; http://www.
liv.ac.uk/~sdb/ImageSXM/) for cross-sectional diagrams. Borders be-
tween microdomain and GM1 cluster were determined in previously
described fashion (Iijima et al., 2009). We used a surface plasmon
resonance (SPR) system, Biacore X (Biacore AB, Uppsala, Sweden), for
CTx-binding assay against artiﬁcial membranes. Analyte artiﬁcial
membranes were prepared as a monolayer and transferred onto Au-
coated chips (SIA Kit Au; Biacore AB). Nonspeciﬁc bindings were
subtracted as the binding against a GM1-free membrane.
Results
Cholesterol speciﬁcally inhibited the activity of Co-ARIS
To analyze the activity of Co-ARIS on the sperm plasma membrane,
we hypothesized that Co-ARIS interacts with cholesterol in the sperm
plasma membrane, similar to the reported function of triterpene
saponin (Ohtsuki, 1984). To investigate this possibility, we examined
the inﬂuence of cholesterol on the induction of the AR by ARIS and Co-
ARIS in starﬁsh sperm. In A. amurensis, EJ induced the AR in homologous
sperm. Combinations of EJ components, ARIS with asterosap and ARIS
with Co-ARIS, also induced the AR, but ARIS alone could slightly induce
the AR. We then observed the effect of cholesterol on these three AR-
inductive conditions. In the presence of 20 μg/ml cholesterol, the
percentageofAR inductionbyEJ andARISwith asterosapdid not change
when compared with that in the control experiments; however, the
percentage of AR induction by ARIS with Co-ARIS was signiﬁcantly
decreased by approximately 25% when compared with that in the
absence of cholesterol (Fig. 1A, pb0.001). The level of induction was
similar to that observed in the case of only ARIS. Further, the percentage
of AR induction was inhibited by cholesterol in a dose-dependent
manner (Fig. 1B). These results indicated that cholesterol speciﬁcally
inhibits the cofactor activity of Co-ARIS but not of asterosap. Although
cholesterol treatment after Co-ARIS addition decreased the AR
frequency signiﬁcantly (Fig. S1A, pb0.001), cholesterol pretreatment
of the sperm did not show any inhibition (Fig. S1B), suggesting that
cholesterol does not inﬂuence sperm but interacts with Co-ARIS.
Uptake of radioisotope-labeled Co-ARIS by sperm
To determine whether Co-ARIS can penetrate sperm, we estimated
the uptake of Co-ARIS by sperm using [3H]NaBH4 labeled Co-ARIS II
([3H]Co-ARIS II). Co-ARIS II reduced by NaBH4 had similar activity as
Co-ARIS II (Fig. 2A, Fig. S2) (Nishiyama et al., 1987a). The sperm
treated with 40 μg/ml [3H]Co-ARIS II were highly labeled with tritium
(Fig. 2B), demonstrating the binding of Co-ARIS with sperm. We
Fig. 1. The effect of cholesterol addition on the induction of AR. (A) EJ (0.1 mg sugar/ml),
ARIS (0.1 mg sugar/ml)+asterosap (100 nM), or ARIS+Co-ARIS (40 μg/ml) can induce
AR. Cholesterol addition (Cho., 20 μg/ml) did not affect the AR frequency in the case of EJ
and ARIS+asterosap, but the percentage of AR induction was signiﬁcantly decreased in
the case of ARIS+Co-ARIS. *pb0.001, one-way ANOVA (we only tested statistically the
difference between pairs of treatments with and without cholesterol). The data are
expressed as the mean±SD. n=10. (B) The AR frequency of ARIS+Co-ARIS was
inhibited by cholesterol in a concentration-dependent manner. The whiskers represent
the SD. n=5.
Fig. 2. Radioisotope labeling and binding of [3H]Co-ARIS II. (A) Structures of Co-ARIS II
and its reduced form. (B) Binding of [3H]Co-ARIS II to sperm. The y-axis indicates
tritium content in disintegration per minute (DPM). [3H]Co-ARIS II binding was halved
in the presence of 20 μg/ml cholesterol. *pb0.05, one-way ANOVA versus the control.
The data are expressed as the mean±SD. n=5. −: without cholesterol and +: with
cholesterol.
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single sperm cell. The import of [3H]Co-ARIS II in spermwas decreased
by the addition of 20 μg/ml cholesterol (Fig. 2B, pb0.05). These
ﬁndings suggested that cholesterol prevents Co-ARIS uptake by sperm
and therefore inhibits the activity of Co-ARIS for AR induction.
Co-ARIS altered the conformation of sterol in the sperm membrane
In starﬁsh, amajor sterol component of themembrane isΔ-7 sterol
and not cholesterol (Ikekawa et al., 1979). Δ-7 sterol extracted from
starﬁsh sperm could speciﬁcally inhibit AR induction by ARIS and Co-
ARIS (Fig. S3, pb0.001), similar to the experiment with cholesterol
indicating that the uptake of Co-ARIS by sperm is inhibited by Δ-7
sterol. Thus, this result suggests that Co-ARIS can interact with Δ-7
sterol on the sperm membrane.
Staining with ﬁlipin, which binds to sterol with high afﬁnity, is a
standard method to visualize the accumulation of cholesterol in cells
(Tesarik and Flechon, 1986). To determine the change in the sterol
condition of the sperm membrane by Co-ARIS, we analyzed the
amount of ﬁlipin binding to the sperm by ﬁlipin staining. The amount
of ﬁlipin binding to sperm was greatly decreased by the treatment
with 40 μg/ml Co-ARIS (Fig. 3A). It appeared that sterols were
released from the spermmembrane or Co-ARIS blocked the binding of
ﬁlipin by interacting with sterols in the membrane. To conﬁrm the
sterol content of the spermmembrane, we extracted sterol from it and
determined the sterol content. The sterol content of sperm did not
decrease on Co-ARIS treatment (Fig. 3B). Thus, Co-ARIS alters only the
conformation and not the quantity of the sperm membrane sterols.From the data of Figs. 2B and 3B, we estimated that the molar ratio of
inserted Co-ARIS to sperm membrane sterol is 1:150.
Co-ARIS affected the structure of microdomains on the sperm membrane
Microdomains,whichare cholesterol-rich regionson the cell surface,
function as an origin of the intracellular signaling cascade or as a
mediator of intercellular recognition. As our data showed that Co-ARIS
bound to the spermmembrane, it is possible that the interaction of Co-
ARIS and sterol in the sperm membrane alters the structure of the
microdomains.
To address this issue, we visualized the state of sperm membrane
microdomains using FITC-CTx, which detects GM1, and ﬁlipin. The
FITC-CTx signals were localized to the middle and periacrosomal
regions of the sperm (Figs. 4B, arrowheads in D and F). Filipin staining
detected the whole sperm membrane, with a patch-like signal on the
head region and the ﬂagella (Figs. 4H, K). The localization of the ﬁlipin
signals indicated the rich amount of sterol in the periacrosomal region
(Figs. 4I, arrows in L). However, sperm treated with Co-ARIS lost the
FITC-CTx signals on the periacrosomal region, but not on the middle
region (Figs. 4C, E, and G). Filipin staining of sperm treated with Co-
ARIS (Figs. 4J, M) generated a very low signal, consistent with the
results shown in Fig. 3A. The ARIS-binding assay using ARIS-labeled
ﬂuorobeads showed that Co-ARIS treatment enhanced the interaction
between ARIS and sperm (Figs. S4A, B). This result also supported the
view that Co-ARIS alters the status of the sperm surface.
Co-ARIS disrupted the caveola system in the CHO-K1 cell line
A caveola is a special type of microdomain. Because Co-ARIS might
disrupt the microdomains of starﬁsh sperm, we performed a caveola-
Fig. 3. The effect of Co-ARIS on membrane components and properties. (A) Amount of
ﬁlipin binding to sperm. The absorbance at 320 nm indicated the amount of ﬁlipin
binding. Untreated sperm were used as blanks. With the Co-ARIS treatment, ﬁlipin
binding to sperm decreased signiﬁcantly. The data are expressed as the mean±SD.
n=4. −: without Co-ARIS treatment and +: with Co-ARIS treatment. (B) The sterol
content of sperm did not decrease by Co-ARIS treatment. The data are expressed as the
mean±SD. n=4.
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N/C-Luc-Cav1. Under normal conditions, N/C-Luc-Cav1 cells exhib-
ited luciferase activity in this assay. However, on treatment with
MβCD, which selectively extracts cholesterol from the plasma
membrane but does not enter the plasma membrane, and ﬁlipin,
which forms complexes with cholesterol and permeates the mem-Fig. 4. Patterns of GM1 localization and sterol distribution on sperm. (A) is the schematic view
(J), and (M) show Co-ARIS-treated sperm. (D) and (E) are ﬂuorescent images of FITC-CTx-s
same sperm. (F) and (G) are magniﬁed images of (D) and (E) respectively. (K), (L), and (M)
sperm surface, and (H), (I), and (J) are phase images of the same sperm. On Co-ARIS treatmen
intensity of ﬁlipin decreased (see M, in comparison with that in L). The ﬁlipin signals tendebrane bilayer, CHO-K1/stable cells showed disruption of the caveola
system and decreased luciferase activity (Fig. 5A). The luciferase level
was retained by the addition of 5 μg/ml Co-ARIS to CHO-K1/stable
cells, but the addition of 40 or 200 μg/ml Co-ARIS decreased the
luciferase activity dose-dependently (Fig. 5A). These results indicated
that Co-ARIS also has the ability to disrupt the caveola system in CHO-
K1/stable cells.
To determine whether Co-ARIS is inserted into the membrane
bilayer, N/C-Luc-Cav1 cells treated with Co-ARIS, ﬁlipin, or MβCDwere
incubated for 2 h after the replacement of the medium to the normal
condition, and then, the luciferase activity was determined. The cells
treated with ﬁlipin and Co-ARIS were unable to restore the luciferase
activity after 2 h, but those treated with MβCD showed restored
luciferase activity (Fig. 5B). These results suggest that Co-ARIS was
inserted into the membrane bilayer of N/C-Luc-Cav1 cells and thus Co-
ARIS affects the caveola system of cultured cells through a similar
mechanism to that observed in the starﬁsh sperm membrane.Co-ARIS colocalized with the GM1 clusters on the microdomains of the
artiﬁcial membrane
GM1 forms clusters on microdomains (Yuan et al., 2002; Fujita et al.,
2007). To analyze the physicochemical effect of Co-ARIS, we examined
an artiﬁcial model membrane with Co-ARIS using AFM, which revealed
the distribution of the GM1 clusters. We examined whether Co-ARIS
alters this distribution of GM1 in the artiﬁcial membrane. In the control
membrane, AFM analysis indicated that the GM1 clusters (Figs. 6A,
arrowheads, and E) were distributed on 1.42±0.96% (n=4) of the
microdomain surface (Figs. 6C, E) and that the height of the cluster was
constant at 0.3 nm(Fig. S5C, yellowbar). As themolar ratio of permeated
Co-ARIS to sperm membrane sterol was estimated as 1:150, we
performed AFM analysis on the artiﬁcial membrane by adding Co-ARIS
in this ratio to cholesterol. In the presence of Co-ARIS, the GM1 clusters
(Fig. 6B, arrowheads, and F) extended to 11.6±7.01% (n=5) of the
microdomain surface (Figs. 6D, F), and the height of these clusters was
slightly increased to 0.7 nm (Fig. S5D, yellow bar). These results
suggested that Co-ARIS colocalizes with the GM1 clusters and causes
their expansion.AFManalysis following the addition of Co-ARIS at a ratio
of 1:15 (tenfold concentration) showed that these clusters (Fig. S5E,
arrowheads) were enlarged and covered 15.9±9.64% (n=10) of the
microdomain surface (Fig. S5G: microdomain, Fig. S5H GM1 clusters).
Their height increased (the highest was 2.3 nm), and they were highlyof starﬁsh sperm. (B), (D), (F), (H), (I), (K), and (L) show intact sperm and (C), (E), (G),
tained sperm showing the localization of GM1, and (B) and (C) are phase images of the
are ﬂuorescent images of ﬁlipin-stained sperm representing sterol distribution on the
t, GM1 localization (arrowheads in D and F) disappeared (see E and G), and the staining
d to localize to the periacrosomal region of the sperm head (arrows in L). Bars: 1 μm.
Fig. 5. Caveola-breaking assay. A) Results of the caveola-breaking assay. The
luminescent intensity was normalized to that in the control medium; 1% MβCD and
5 μg/ml ﬁlipin signiﬁcantly reduced the caveola structure. Co-ARIS treatment at 5 μg/
ml did not have any effect, but the luminescent intensity was greatly decreased at
40 μg/ml and 200 μg/ml. *pb0.001, one-way ANOVA versus the control. The data are
expressed as the mean±SD. n=10. B) The effect of rescue by replacement of the
medium. The luminescence was normalized to that in the control. The depression by 1%
MβCD could be rescued in 2 h after medium replacement, but that by 5 μg/ml ﬁlipin
could not. Caveola destruction by 40 μg/ml Co-ARIS also did not recover signiﬁcantly.
*pb0.001, one-way ANOVA versus the luminescence in 0 h. The whiskers represent the
SD. n=10.
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maintained in the vicinity of 0.5 nm (Figs. S5C, D and F, red bars).
We also performed a CTx-binding assay against these artiﬁcial
membranes to conﬁrm whether Co-ARIS colocalizes with GM1. Table 1
represents the results of the binding assay using the SPR system. Although
the membrane treated with Co-ARIS (cholesterol-to-Co-ARIS=150:1)
showed nearly identical KD as the control (Fig. 6G, Table 1; 117 pM and
114 pM in the Co-ARIS-treated membrane and control, respectively), the
abundance of CTx-binding siteswasmuch smaller (1.01×107/mm2) than
the control (5.71×107/mm2). Another steroidal saponin, digitonin, did
not show any difference against the control (Table 1, Fig. S6). Thus, Co-
ARIS speciﬁcally formed complexes with GM1 and masked the CTx-
binding sites.
Discussion
In this study, we focused on the membrane dynamics involved in
the mechanism of Co-ARIS activity for AR induction. In mammalian
sperm, cholesterol efﬂux from the sperm plasma membrane, and
bicarbonate and calcium ions are known to play a critical role in
capacitation (Tesarik and Flechon, 1986; Visconti et al., 1999; Cross,
2004; Gadella et al., 2008). In our study, we examined the effect ofcholesterol or Δ-7 sterol addition on AR induction and showed that
the activity of Co-ARIS is inhibited by the addition of these sterols
(Fig. 1A, Fig. S3). The differences in the responsiveness of Co-ARIS and
asterosap to the addition of cholesterol indicate that these two
cofactors are involved in the induction of the AR through independent
pathways. Although there are two possibilities as to whether
cholesterol affects Co-ARIS or the sperm, pretreatment of the sperm
with cholesterol did not inﬂuence the AR frequency (Fig. S1B),
suggesting that cholesterol functions in association with Co-ARIS.
FITC-CTx binding to the sperm periacrosomal region speciﬁcally
vanished upon treatmentwith Co-ARIS (Figs. 4D, E, F, and G), although its
localization to the middle region remained intact. The periacrosomal
region is a site towhich the ARIS receptor is localized (Longo et al., 1995).
Moreover, a putative ARIS receptor has been puriﬁed from the
microdomain fraction of sperm (Naruse et al., unpublished). This
concordance strongly suggests that the ARIS receptor exists in the
microdomains on the spermperiacrosomal region. Therefore it is possible
that conformational changeof themicrodomain alters the conditionof the
ARIS receptor and increased ARIS receptivity of sperm (Fig. S4).
The regression of the GM1 assemblage in the periacrosomal region
has also been observed during the capacitation of mammalian sperm,
and it is closely related to capacitation and decapacitation processes in
mouse (Selvaraj et al., 2007;Kawanoet al., 2008). The eventual outcome
of Co-ARIS activity in starﬁsh sperm might be similar to the effect of
capacitation in mammalian sperm, although the initial mechanism
differs. Similarly, in the amphibian Bufo arenarum, capacitation-like
changes of sperm have been reported (Krapf et al., 2007). The structure
of two major gangliosides from the hepatopancreas of A. amurensis has
been determined (Kochetkov and Glukhoded, 1982). They are not GM1
and contain a novel glycochain. We do not know whether the sperm of
A. amurensis have GM1; however, even without GM1, it is possible that
CTx bound to other gangliosides with a similar structure to GM1, as in
the case of CTx bindingwith sialyloligosaccharides (Sinclair et al., 2009).
The result of the CTx-binding assay (Table 1) supports the
colocalization of Co-ARIS with the GM1 clusters, corresponding to the
disappearance of FITC binding to sperm (Figs. 4D, E, F, and G). In the
presence of Co-ARIS, the abundance of CTx-binding site decreased to
17%, thus it can be estimated that one Co-ARIS molecule could affect at
least 17 molecules of GM1, and this interaction indicates that Co-ARIS
located very close to GM1s. Co-ARIS contains a steroid ring, sulfate
group, and sugar chain; the former structure is similar to sterols, but the
latter two have properties resembling gangliosides. Because of these
structural advantages, Co-ARIS is thought to localize in themicrodomain
with ganglioside clusters. Not only GM1 but also GM3 is known to form
clusters in themicrodomains (Fujita et al., 2007); thus, it is possible that
Co-ARIS also interacts with other ganglioside clusters, such as an A.
amurensis-speciﬁc ganglioside (Kochetkov and Glukhoded, 1982). In a
study of artiﬁcial membranes, it was shown that GPI-anchored proteins
localize to the GM1 clusters (Yuan et al., 2002); therefore, AR signal-
related proteins possibly exist in such ganglioside clusters and the
conformational change of microdomains induced by Co-ARIS affects the
status of these proteins.
As the rescue experiment with Co-ARIS resulted in a slight recovery
in caveolae-breaking assay (Fig. 5B), the permeation of Co-ARIS into
sperm is considered to be reversible, and Co-ARIS can detach from
sperm by forming a complex with external cholesterol. This view is
supported by the AR inhibition on cholesterol posttreatment (Fig. S1A).
From the results described in Fig. 5, it is supposed that Co-ARIS simply
destroys the microdomains; however, the destruction of the micro-
domains, in which the ARIS receptor is located, is contradictory to the
functionof Co-ARIS as a cofactor forARIS. Filipin,which forms a complex
withmembrane sterols, showed similar behavior to Co-ARIS in CHO-K1
cells; however,ﬁlipinwasunable to induce theAR. Furthermore, several
commercial vegetal saponins did not show any ability to induce the AR
(Nishiyama et al., 1987a). Therefore, Co-ARIS does not only disrupt the
membrane structure. Our hypothesis is that Co-ARIS intrudes into the
Fig. 6. Effects of Co-ARIS on the model membranes. Representative AFM images of the model membranes in the (A) control and (B) cholesterol-to-Co-ARIS=150:1 conditions are
shown. (C) and (D) show the microdomain region of (A) and (B) respectively. (E) and (F) show the GM1 clusters of (A) and (B) respectively. In the control membrane, the highest
stage (E, arrows in A, and yellow bar in Fig. S5C) indicates GM1 clusters, the middle stage (C, and red bar in Fig. S5C) indicates microdomains, and the lower stage indicates other
regions on the membrane. In the presence of Co-ARIS, the highest stage enlarged and their height increased (F, arrows in B, and yellow bars in Fig. S5D), whereas the height of the
microdomains did not change (~0.5 nm; D, and red bars in Figs. S5C, D).
152 M. Naruse et al. / Developmental Biology 347 (2010) 147–153microdomains, interactswithGM1, andﬁnally causes the relocation of a
receptor or ion channel related to the AR in the microdomain.
The structure of Co-ARIS was ﬁrst determined to be asterosaponin A
(ASA), which was identiﬁed by its inhibitory activity against the
spawning of A. amurensis (Ikegami, 1976; Ikegami et al., 1976; Okano et
al., 1985). In starﬁsh 1-methyladenine (1-MA) induces the contraction
of the ovarianmembrane, and the eggs are pushed externally (Kanatani,
1973). Although 1-MA also acts as an oocyte maturation factor, ASA
suppresses only spawning and not oocyte maturation (Ikegami, 1976).
Saponins from sea cucumbers or other surfactants do not exhibit such
inhibitory activity; thus, this property is speciﬁc to ASA and similar to
the activity of Co-ARIS in the induction of the AR.Table 1
KDs and binding sites for CTx. KDs and RUmaxs were derived by SPR experiment (Fig. S6,
n=3). CTx-binding sites were estimated from RUmaxs. Co-ARIS did not change the KD,
but did decrease the number of binding sites for CTx.
Control Co-ARIS Digitonin
KD (pM) 115.64 116.15 118.67
RUmax (pg/mm2) 38.5 6.78 40.0
CTx-binding sites (/mm2) 5.71×107 1.01×107 5.93×107In Animalia, only starﬁsh, sea cucumbers, and sponges produce
saponins. These species are benthic animals and cannot move quickly;
therefore, they may also possess saponins for self-defense. Thus, Co-
ARIS possibly evolved as an antibacterial agent and later acquired a
role in the induction of the AR. Many animals, including humans,
possess cholesterol and Δ-5 sterol, whereas starﬁsh and sea
cucumbers have only Δ-7 sterols; for example, A. amurensis has the
Δ-7 sterols asterosterol and amuresterol (Ikekawa et al., 1979). This
structural difference is possibly responsible for the resistance to the
toxicity of saponins, and the trait could have been developed to
prevent self-injury. A. amurensis sperm are tolerant to the cytotoxicity
of Co-ARIS; therefore, Co-ARIS could have become the cofactor for the
induction of AR.
Saponins have been used as herbal medicines, and there are recent
studies on their pharmacological actions (Kensil, 1996; van Heerden
et al., 2007). However, this is the ﬁrst report using AFM analysis to
observe the structural change of membranes by saponin. Such an
observation will reveal the functional mechanism of other saponins.
Further, our new experimental system, the caveola-breaking assay
using transfected CHO-K1 cells, will enable high-throughput screen-
ing of the chemicals that affect or break themembranemicrodomains.
These two novel approaches will be effective tools in the research of
membrane microdomain dynamics.
153M. Naruse et al. / Developmental Biology 347 (2010) 147–153AlthoughCo-ARISwas identiﬁed as a cofactor for the induction of the
AR 20 years ago, its mechanism of action has remained obscure. Here,
we have revealed the mechanism in which Co-ARIS binds to the sperm
and alters the structure of themicrodomains. Ourmodel is that ARIS and
Co-ARIS cooperate to induce the AR in the restricted area of the sperm
head. Hereafter, by evaluating the interaction between Co-ARIS and
other proteins in the microdomains, for instance, the ARIS receptor,
more details of this mechanismmay be revealed. Further analysis of the
mechanism of action of Co-ARIS will have a tremendous impact on the
elucidation of the induction of the AR and the understanding of the
physiological processes of steroid saponins.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.ydbio.2010.08.019.
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